The radiation-induced amorphization of U 3 Si 2 was investigated by in-situ transmission electron microscopy using 1 MeV Kr ion irradiation. Both arc-melted and sintered U 3 Si 2 specimens were irradiated at room temperature to confirm the similarity in their responses to radiation. The sintered specimens were then irradiated at 350 C and 550 C up to 7.2 Â 10 15 ions/cm 2 to examine their amorphization behavior under light water reactor (LWR) conditions. U 3 Si 2 remains crystalline under irradiation at LWR temperatures. Oxidation of the material was observed at high irradiation doses.
Introduction
The tsunami and subsequent nuclear accident in Fukushima stimulated global efforts to search for nuclear fuels with enhanced accident tolerance. The accident tolerant fuel (ATF) program aims to replace the conventional UO 2 -zirconium alloy solution with a novel fuel design that can withstand a loss of coolant accident (LOCA) for a significantly longer period of time [1] . Having superior thermal conductivity and uranium density compared to UO 2 [2] , U 3 Si 2 has been widely regarded as a promising ATF candidate [3, 4] . To evaluate the qualification of U 3 Si 2 as a LWR fuel, its fuel performance, especially fission gas behavior, must be experimentally examined. In addition, development of advanced fuel performance codes that can precisely predict the fuel behavior of U 3 Si 2 in LWRs calls for experimental microstructural references and validations of fission gas behavior. Previous studies on arc-melted U 3 Si 2 at research reactor temperatures (<250 C) show that ion irradiation completely amorphizes U 3 Si 2 at a very low dose level (approximately 0.3 dpa) [5] . As amorphization significantly alters the microstructure of the material, and therefore interferes with the evolution of fission gas bubbles [6, 7] , the radiation-induced amorphization behavior of U 3 Si 2 at LWR temperatures (from approximately 350 C to 800 C) must be well characterized. In addition, when cold pressing and sintering technique is used in fabrication, the microstructure of produced U 3 Si 2 fuel pellets features reduced grain size, and precipitation of secondary phases such as USi and UO 2 [8] . This difference in microstructure may also lead to amorphization behaviors different from those in the arcmelted fuel material. Therefore, it is important to understand and characterize any difference in irradiation behavior of the U 3 Si 2 samples fabricated by the aforementioned methods. Although inpile irradiation tests are essential to provide reliable experimental data describing material behavior in nuclear reactors, ion irradiation provides an inexpensive and time-saving option to obtain valuable qualitative information about irradiation effects on nuclear materials. In this regard, the combination of transmission electron microscopy (TEM) and in-situ ion irradiation makes it possible to capture the kinetics of radiation-induced microstructural modifications [9] , including amorphization [5,10e12] , in materials. Therefore, an in-situ TEM ion irradiation technique was utilized in this study to characterize the amorphization behavior of U 3 Si 2 at LWR conditions.
Experiments
Fine uranium powder (92.5 wt%) and silicon powder (7.5 wt%) were mixed and pressed at 225 MPa. The powder mixture was then arc melted to produce U 3 Si 2 ingots. To fabricate U 3 Si 2 pellets, the arc-melted ingots were further comminuted into fine powder. The U 3 Si 2 powder was then cold pressed and sintered in an Ar atmosphere to form fuel pellets using the same technique as for samples irradiated in-pile for the ATF-1 campaign. The details of this fabrication can be found in Ref. [8] . The arc-melted ingots are relatively pure, containing only 1.5 vol% U 3 Si precipitates, whereas the sintering technique introduced USi and UO 2 secondary phases comprising approximately 14 vol%. Both arc-melted (ingots) and sintered (pellets) samples were investigated in this study. TEM thin foils were prepared from each material by focused ion beam (FIB) technique using an FEI HELIOS NanoLab 600 DualBeam FIB/SEM. Insitu TEM ion irradiation investigations were performed at the IVEM-Tandem facility at Argonne National Laboratory (ANL); the TEM thin foils were irradiated with 1 MeV Kr ions. SRIM [13] was used to estimate the Kr ion radiation dose following the approach described by Stoller et al. [14] The displacement energy of uranium was selected to be 61 eV as predicted by Beeler et al. using lowenergy cascade simulation [15, 16] , while a trivial value of 15 eV was used as the displacement energy of silicon. According to the SRIM simulation, for a 50 nm thick U 3 Si 2 TEM foil, 1 dpa radiation damage is achieved at an ion influence of 3.6 Â 10 14 ions/cm 2 . To evaluate the radiation responses of the arc-melted and the sintered samples, ion irradiation was first carried out at room temperature for comparison with previous studies by Birtcher et al. on arcmelted U 3 Si 2 [5] . Thereafter, two typical LWR temperatures, 350 C and 550 C, were selected to apply on U 3 Si 2 specimens according to the BISON simulation [4] . The responses of sintered U 3 Si 2 TEM specimens to ion irradiation were examined at both temperatures.
Results and discussion
Before ion irradiation, the arc-melted specimen contains stacking faults as shown in Fig. 1(a) . The tetragonal U 3 Si 2 crystal structure [17] is clearly illustrated by the diffraction pattern at the [110] zone ( Fig. 1(b) ). During room temperature irradiation, the majority of the arc-melted U 3 Si 2 TEM foil becomes amorphous at merely 3.6 Â 10 13 ions/cm 2 (0.1 SRIM dpa); only a residual (22 0) spot can be distinguished ( Fig. 1(c) and (d) ). When the ion fluence increases to 1.08 Â 10 14 ions/cm 2 (0.3 SRIM dpa), the specimen is completely amorphized ( Fig. 1(e) and (f)). After Kr irradiation to 3.6 Â 10 13 ions/ cm 2 , the diffraction contrast from the stacking faults vanishes due to the loss of long-distance order. The only contrast in TEM images comes from the mass-thickness contrast at a thin area (see the yellow circles in Fig. 1) . The approximately 0.3 dpa amorphization threshold at room temperature is consistent with previous studies on arc-melted U 3 Si 2 using 1.5 MeV Kr ions [5] . Due to their reduced grain size and fabrication-introduced secondary phases, the sintered U 3 Si 2 TEM foil irradiated at room temperature contains at least three grains (G1, G2, and G3) and a precipitate (P1), as shown in Fig. 2(a) . Electron diffraction patterns (Fig. 2(b) ) confirm that all three grains belong to the U 3 Si 2 matrix phase, and that the precipitate is UO 2 . At 3.6 Â 10 13 ions/cm 2 (0.1 SRIM dpa), two of the matrix grains (G1 and G3 in Fig. 2(c) and (d) ) become fully amorphous. Due to the amorphization, the grain boundary between G1 and G3 disappears. Meanwhile, the other matrix grain (G2) only becomes partially amorphous; its diffraction pattern can still be distinguished. As the ion fluence arrives at 1.08 Â 10 14 ions/cm 2 (0.3 SRIM dpa), all three of the U 3 Si 2 grains become fully amorphous ( Fig. 2(e) and (f) ). The diffraction contrast of the three grains fades during amorphization, leaving massthickness as the only major source of the image contrast. Matrix grain G2 still appears brighter than G1 and G3 after full amorphization, which implies that G2 is thinner than the other two grains. This difference in thickness may originate from preferential etching of the different crystallographic orientations during FIB milling. This orientation variance and consequent directional dependence of threshold displacement energy could also account for the different amorphization rates of the three grains. Namely, the specific orientation of G2 could result in a channeling effect during ion irradiation, leading to slightly lower effective radiation doses (dpa values). Due to the nature of sintering, there are preexisting voids in the sintered U 3 Si 2 specimen. Those voids were found to remain stable during the amorphization process ( Fig. 2(a) , (c), and (e)). The UO 2 precipitate also remains crystalline throughout the ion irradiation experiment, which is consistent with the excellent radiation tolerance of UO 2 . The comparable amorphization threshold (approximately 0.3 dpa) of the two types of U 3 Si 2 samples confirms that U 3 Si 2 fabricated through these two different techniques has similar irradiation-induced amorphization behavior. The subsequent high-temperature experiments, performed on the cold pressed and sintered U 3 Si 2 pellet samples, can therefore be assumed to represent U 3 Si 2 fabricated by either technique. Previous in-situ TEM ion irradiation experiments [5] showed that arc-melted U 3 Si 2 preserves its crystal structure up to 1.6 dpa at approximately 250 C. In order to confirm this resistance to amorphization at LWR temperatures, the sintered U 3 Si 2 TEM foils were irradiated at 350 C and 550 C, respectively. Each specimen contains at least two U 3 Si 2 grains, as shown in Figs. 3(a) and 4(a) . At both typical LWR temperatures, the U 3 Si 2 phase maintains its crystalline structure up to 1.8 Â 10 15 ions/cm 2 (5.0 SRIM dpa). This indicates that after the recovery mechanism is activated at approximately 240 C [5] , the U 3 Si 2 phase continues to have resistance to irradiation-induced amorphization up to 550 C. Amorphization is therefore not expected to be a significant concern for U 3 Si 2 LWR fuel material at low dose, especially for the sintered U 3 Si 2 pellets investigated in this study. To examine the amorphization behavior of U 3 Si 2 at high irradiation dose that corresponds to the typical LWR cycle length, in-pile irradiation (e.g. ATF-1 campaign) or high-energy ex situ ion irradiation experiments [18, 19] are necessary. It was observed that at these elevated temperatures (350 C and 550 C), nanoscale crystalline domains start to form within the TEM foils at the beginning of ion irradiation (Figs. 3 and 4) ions/cm 2 (20 SRIM dpa), the electron diffraction patterns indicate that the TEM foils irradiated at both LWR temperatures become completely oxidized. That is, UO 2 is the only distinguishable crystalline phase in the specimens, as shown in Fig. 5(d) and (f). Meanwhile, the bright field images (Fig. 5(a) and (b)) show nanocrystalline UO 2 grains included in an amorphous matrix. Both diffraction contrast images and diffraction patterns imply that the U 3 Si 2 turns into UO 2 nano-grains and a Si-enriched amorphous phase. Previous corrosion studies on U-Si compounds indicate that U and Si oxidize simultaneously, forming silicon oxide, residual silicon, and various uranium oxides at different temperatures [20, 21] . Both silicon and its oxide readily amorphize under ion irradiation at room temperature [22, 23] , whereas silicon oxide has a considerably lower amorphization threshold dose at elevated temperatures [24, 25] . Therefore, the Si-enriched amorphous phase is more likely to be silicon oxide. The measured UO 2 nano-grain size in the specimen irradiated at 550 C is larger than that in the foil irradiated at 350 C (approximately 85 nm vs. 40 nm). In the TEM thin foil irradiated at 550 C, around one third of the area was blocked by the sample grid during the ion irradiation (Fig. 5(c) ). As a result, the area that was not irradiated maintains its crystalline U 3 Si 2 phase throughout the experiment. Thus, it is clear that the oxidation of the TEM foils is not solely due to the elevated temperatures. Instead, the oxidation is either radiation induced or radiation enhanced. In a TEM chamber, the typical vacuum is approximately 1.5 Â 10 À5 Pa. Assuming that the gas composition within the TEM chamber is similar to air, the oxygen content in the 
Conclusions
In this study, in-situ TEM ion irradiation investigations were conducted to characterize the response of U 3 Si 2 to 1 MeV Kr ion irradiation. The cold pressed and sintered U 3 Si 2 was proven to have similar amorphization behavior to the arc-melted U 3 Si 2 samples. The amorphization behavior is also consistent with previous studies on arc-melted U 3 Si 2 [5] . In contrast, the U 3 Si 2 was found to remain crystalline up to 5 SRIM dpa at LWR temperatures, implying that amorphization is not a major concern at low dose for U 3 Si 2 as an LWR fuel material. Additionally, at LWR temperatures, ion irradiated U 3 Si 2 was observed to readily oxidize into a mixture of nanocrystalline UO 2 and a Si-enriched amorphous phase even in the TEM vacuum. This finding may direct future study on the corrosion resistance of U 3 Si 2 under irradiation.
